Epidemiological studies suggest that chronic use of nonsteroidal anti-inflammatory drugs lowers the incidence of Parkinson's disease (PD) in humans and implicate neuroinflammatory processes in the death of dopamine (DA) neurons. Here, we demonstrate that regulator of G-protein signaling 10 (RGS10), a microglia-enriched GAP (GTPase accelerating protein) for G␣ subunits, is an important regulator of microglia activation. Flow-cytometric and immunohistochemical analyses indicated that RGS10-deficient mice displayed increased microglial burden in the CNS, and exposure to chronic systemic inflammation induced nigral DA neuron loss measured by unbiased stereology. Primary microglia isolated from brains of RGS10-deficient mice displayed dysregulated inflammation-related gene expression profiles under basal and stimulated conditions in vitro compared with that of primary microglia isolated from wild-type littermates. Similarly, knockdown of RGS10 in the BV2 microglia cell line resulted in dysregulated inflammation-related gene expression, overproduction of tumor necrosis factor (TNF), and enhanced neurotoxic effects of BV2 microglia on the MN9D dopaminergic cell line that could be blocked by addition of the TNF decoy receptor etanercept. Importantly, ablation of RGS10 in MN9D dopaminergic cells further enhanced their vulnerability to microglial-derived death-inducing inflammatory mediators, suggesting a role for RGS10 in modulating the sensitivity of dopaminergic neurons against inflammation-mediated cell death. Together, our findings indicate that RGS10 limits microglial-derived TNF secretion and regulates the functional outcome of inflammatory stimuli in the ventral midbrain. RGS10 emerges as a novel drug target for prevention of nigrostriatal pathway degeneration, the neuropathological hallmark of PD.
Introduction
Neuroinflammatory processes have been implicated in the pathogenesis of Parkinson's disease (PD) (for review, see Tansey et al., 2007) , a progressive neurodegenerative movement disorder resulting from the loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) (Przedborski, 2005; Olanow, 2007) . Progress has been made in identifying inflammatory mediators that contribute to DA neuronal dysfunction (McGeer and McGeer, 2008; Skaper, 2007; Tansey et al., 2007) , but key molecular regulators of neuroinflammatory responses in the ventral midbrain remain unknown.
Microglia are resident brain macrophages that respond to environmental stresses and immunological challenges (Puntambekar et al., 2008; Tansey and Wyss-Coray, 2008) . Chronically activated microglia overproduce soluble inflammatory mediators such as tumor necrosis factor (TNF) (Sawada et al., 2006) , nitric oxide (Moss and Bates, 2001; Liu et al., 2002) , and interleukin-1 (IL-1) (Chao et al., 1995; Griffin, 2005, 2007) and enhance inflammation-induced oxidative stress in the ventral midbrain Block and Hong, 2005; McGeer et al., 2005; Mrak and Griffin, 2007) . Central and peripheral administration of lipopolysaccharide (LPS), the endotoxin produced by Gram-negative bacteria often used to model CNS infection, potently activates microglia and induces delayed, progressive, and selective DA neuron death Ling et al., 2002; Gibbons and Dragunow, 2006; Ling et al., 2006; Qin et al., 2007) . Although TNF-dependent mechanisms have been implicated in the death of midbrain DA neurons (Sriram et al., 2002 (Sriram et al., , 2006a Ferger et al., 2004; McCoy et al., 2006) , the mechanisms that limit microglial-derived TNF production to protect the nigrostriatal pathway are unknown.
The regulator of G-protein signaling (RGS) family of proteins negatively regulate G-protein-coupled receptor (GPCR) signaling by virtue of their GTPase accelerating protein (GAP) activity at G␣ subunits (Berman et al., 1996; Siderovski et al., 1999; Ross and Wilkie, 2000) . Twenty-one functional RGS genes divided into six families are expressed in mice and humans (Zheng et al., 1999; Ross and Wilkie, 2000) , and the striatal-enriched RGS9-2 has been implicated in PD-related motor abnormalities (Gold et al., 2007) . RGS10 is a 20 kDa member of the R12 subfamily (Hunt et al., 1996; Siderovski et al., 1999; Ross and Wilkie, 2000) expressed at high levels in brain circuits relevant to higher brain function, including the hippocampus, striatum, and dorsal raphe (Gold et al., 1997) . Although RGS10 protein has been detected in a number of subcellular compartments in mouse neurons and microglia (Waugh et al., 2005) , the function of RGS10 in these cell types has not been determined. In humans, genetic susceptibility loci for age-related maculopathy, a photoreceptor degenerative disease associated with microgliosis, map to the same region of human chromosome 10q26 as the RGS10 gene (Jakobsdottir et al., 2005; Schmidt et al., 2006) , suggesting that loss of RGS10 may predispose an organism to neurodegenerative disease. The primary goal of these studies was to test the hypothesis that RGS10 regulates microglial activation, thereby influencing DA neuron survival in the ventral midbrain.
Materials and Methods

Mice. B6;129S5-Rgs10
Gt(IRESBetageo)421Lex mice were generated by Lexicon Genetics using their proprietary random-targeting technology (Zambrowicz et al., 1998) . The RGS10-deficient (RGS10 Ϫ/Ϫ ) and wild-type (WT) littermate mice used in the study were derived from RGS10 heterozygote (RGS10 ϩ/Ϫ ) breeding pairs (mixed 129/C57BL/6, nonbackcrossed) and were housed in a pathogen-free climate-controlled facility with ad libitum access to food and water. PCR analysis of tail DNA was used for genotyping that was later confirmed by postmortem Western blot analysis. All animal studies were approved by the Institutional Animal Care and Use Committee at The University of Texas Southwestern Medical Center at Dallas.
Reagents. Rabbit anti-tyrosine hydroxylase (TH) antibody was purchased from Millipore Bioscience Research Reagents. Goat anti-RGS10 antibody was obtained from Santa Cruz Biotechnology. Anti-CD68 antibody was purchased from AbD Serotec. The CellTiter 96 AQ ueous Assay (MTS) reagent for the viability assay was obtained from Promega. Cell culture reagents were purchased from Sigma-Aldrich or Invitrogen.
Primary microglial cell culture. Primary microglial cells were harvested from mouse pups at postnatal day 3 (P3)-P6. The brain cortices were isolated and minced. Tissues were dissociated in 0.25% trypsin-EDTA for 20 min at 37°C and agitated every 5 min. Trypsin was neutralized with complete media [DMEM/F12 supplemented with 20% heat-inactivated fetal bovine serum (Sigma), 1% penicillin-streptomycin, and 1% L-glutamine (Sigma)]. Mixed glial cultures were maintained in complete media at 37°C and 5% CO 2 for 14 -18 d in vitro. Once cultures reached ϳ95% confluency, primary microglial cells were harvested by mechanical agitation (150 rpm for 40 min). Isolated microglia were plated in DMEM/F12 supplemented with 10% heat-inactivated fetal bovine serum with desired density. The purity of the microglial cultures was assessed by performing immunocytochemistry with the panmicroglial marker CD68 (macrosialin) and found to be Ͼ95%. Contamination by astrocytes (assessed by GFAP immunocytochemistry) and neurons (assessed by MAP2 immunocytochemistry) was found to be Ͻ5%.
Flow cytometry. Mouse brain tissues from P6 pups were dissociated to single-cell suspension by enzymatic degradation using a MACS Technology neural tissue dissociation kit from Miltenyi Biotec according to the manufacturer's protocol. Brain tissues were weighed before mincing, a prewarmed enzyme mix was added to the tissue pieces, and they were incubated with agitation at 37°C. The tissue was further mechanically dissociated by trituration, and the suspension was applied to a 40 m cell strainer. Cells were processed immediately for MACS MicroBead separations. To separate primary microglia, the CD11b-positive cells were magnetically labeled with CD11b (microglia) MicroBeads. The cell suspension was loaded onto a MACS Column (Miltenyi Biotec), which was placed in the magnetic field of a MACS Separator (Miltenyi Biotec). The magnetically labeled CD11b-positive cells were retained within the column. After removing the column from the magnetic field, the magneti- Figure 1 . RGS10-deficient mice display increased microglial burden in the CNS. A, Brain tissues from WT (dotted line) and RGS10-deficient (solid line) mice were dissociated and stained as described in Materials and Methods. CD11b and F4/80 expression were analyzed using FACScan flow cytometry. B, Dark-field immunofluorescence photomicrographs of CD68 immunoreactivity in hippocampus, neocortex, and midbrain of WT (right) and RGS10 Ϫ/Ϫ (left) mice. Dotted contours denote the approximate boundaries of the substantia nigra (SN) in the coronal sections shown. Scale bars, 250 m. Inset, High-magnification image of microglia.
cally retained CD11b-positive cells were eluted as the positively selected cell fraction.
Cells were incubated with FITC conjugated to monoclonal mouse CD11b antibodies (Miltenyi Biotec) and/or phycoerythrin (PE) conjugated to mouse F4/80 antibodies (Caltag Laboratories). FITC-and PEconjugate monoclonal antibodies (mAbs) with irrelevant specificity were used as negative controls. A total of 10 4 cells with light scatter characteristics of cells of each sample were analyzed using FACSCalibur (BD Biosciences).
Cell culture. Culture conditions for the BV2 microglia cell line consisted of DMEM/F-12 medium supplemented with 5% heat-inactivated fetal bovine serum. Cultures of the MN9D dopaminergic cell line consisted of DMEM supplemented with 10% fetal bovine serum. To induce process outgrowth in MN9D cells and increase their sensitivity to apoptotic stimuli, cells were incubated with 5 mM valproic acid in N2-supplemented serum-free DMEM for 3 d to induce terminal neuronal differentiation.
Small interfering RNA. RGS10-specific small interfering RNA (siRNA) duplexes, nonsilencing control siRNA, and siRNA transfection reagents were purchased from Santa Cruz Biotechnology. The siRNA transfection was performed according to the manufacturer's protocol. In each case, the final siRNA concentration was 60 nM.
Perfusion and tissue processing for immunohistochemistry. At 6 weeks after start of intraperitoneal LPS injections [7.5 ϫ 10 5 endotoxin units (E.U.)/kg twice weekly], young adult (3-5 months old) mice were deeply anesthetized with Euthasol (pentobarbital sodium and phenytoin sodium) and intracardially perfused with 10 ml of heparinized 1ϫ PBS/ 0.1% glucose, pH 7.4, followed by 50 ml of 4% paraformaldehyde (PFA) in PBS. Processing of brain sections was done as described previously (McCoy et al., 2006) . Brains were postfixed for 24 h in 4% PFA solution and cryoprotected in 20% sucrose in PBS for 18 -24 h. Coronal sections (30 m thickness) were cut through the striatum and SNpc on a Leica cryostat and mounted on glass slides (SuperFrost Plus; Fisher Scientific) for immunohistological analyses and stereological estimate of DA neuron number.
Immunohistochemistry. Sections on glass slides were fixed for an additional 15 min in 4% paraformaldehyde, followed by a 1ϫ PBS rinse, pH 7.4. Sections were incubated in 0.2 M glycine, pH 7.4, for 30 min to minimize tissue autofluorescence caused by the aldehyde fixative. Sections were permeabilized for 35 min in TBS containing 0.3% Triton X-100 and 1% normal donkey serum (NDS), followed by blocking for 60 min in TBS containing 1% NDS. Sections were incubated in primary antibody for 24 h at 4°C in TBS containing 0.1% Triton X-100 and 1% NDS. Secondary antibody incubations were performed for 4 h at room temperature in the same dilution buffer. Nuclei were counterstained with 0.5 g/ml Hoechst 33258. Sections were coverslipped with aqueous-based mounting medium with antifade reagent (Biomeda). IgG sera were used at the same concentration as the corresponding primary antibodies to confirm the specificity of staining.
Stereological nigral DA neuron counts. StereoInvestigator analyses software (MicroBrightField) was used to perform unbiased stereological counts of TH-immunoreactive cell bodies in the SNpc using the optical fractionator method (West et al., 1991) . For analysis, the treatment of the various brain sections was blinded to the observer. The boundary of SNpc was outlined under magnification of the 4ϫ objective. Cells were counted with a 40ϫ oil-immersion objective (1.3 numerical aperture) using a Nikon 80i upright fluorescence microscope. Serial sections through the extent of SNpc were cut on a Leica CM1650 cryostat and placed eight per slide (cut thickness of 30 m and final mounted thickness of 22 m) for systematic analysis of randomly placed counting frames (size, 50 ϫ 50 m) on a counting grid (size of 120 ϫ 160 m) and sampled using an 18 m optical dissector with 2 m upper and lower guard zones. Every other slide was stained for TH/Hoechst 33258. A DA neuron was defined as a TH-immunoreactive cell body with a clearly visible TH-negative nucleus.
Immunocytochemistry. Cells were fixed with 4% paraformaldehyde, permeabilized with TBS containing 3% gelatin from cold water fish skin (CWFS) (Sigma), 1% BSA, and 0.3% Triton X-100, blocked with TBS containing 3% CWFS and 1% BSA. Primary antibody incubations were done for 24 h at 4°C with primary antibodies diluted in antibody diluent (TBS containing 3% CWFS, 1% BSA, and 0.1% Triton X-100), anti-RGS10 (1:250), anti-CD68 (1:250), or anti-TH (1:250). The bound primary antibody was visualized on a fluorescence microscope after incubation with an appropriate Invitrogen Alexa-conjugated secondary antibody (1:1000). Nuclei were counterstained with 0.5 g/ml Hoechst 33258. Stained cells were coverslipped with aqueous-based mounting medium with antifade reagent (Biomeda Quantitative PCR array analysis of chemokines and other inflammatory mediators in resting or LPS-stimulated primary microglia from WT and RGS10 Ϫ/Ϫ mice were performed as described in Materials and Methods. Fold-up regulation is denoted in red, and fold-down regulation is denoted in green.
Table 1. RGS10 regulates expression of chemokines and other inflammatory mediators
Morph software (Molecular Devices). Each experimental set was repeated three times.
Target effector assay. Murine microglial BV2 cells were cultured in the presence of various concentrations of LPS for 24 h. The murine MN9D dopaminergic cell line was plated in flat-bottomed 96-well plates at a density of 7 ϫ 10 3 cells per well. Conditioned medium (CM) from BV2 cells was transferred into wells containing adherent MN9D cells followed by incubation for 2 d at 37°C in a humidified atmosphere of 5% CO 2 . Cell viability was measured by using the CellTiter 96 AQ ueous Assay reagent (Promega). This reagent uses the novel tetrazolium compound 3-(4,5-dimethylthiazol -2 -yl ) -5 -( 3 -carboxymethoxyphenyl ) -2-(4-sulfophenyl)-2 H-tetrazolium inner salt (MTS) and the electron-coupling reagent phenazine methosulfate. MTS is chemically reduced by cells into formazan, which is soluble in tissue culture medium. The measurement of the absorbance of the formazan was performed in multititer 96-well plates at 492 nm during the last 2-4 h of a 2 d culture. Each experimental condition was performed in triplicate (or quadruplicate in the case of experiments involving differentiated MN9D cells), and three to four independent experiments were conducted to confirm the results.
Quantitative real-time PCR array. Microglia from WT and RGS10 Ϫ/Ϫ mice were cultured as mentioned above and plated at 5 ϫ 10 5 cells per well in a six-well plate in DMEM/F-12 with 10% FBS and stimulated with or without LPS (10 ng/ ml) for 6 h. RNA was harvested using Qiagen RNeasy mini kit and converted into first-strand cDNA using RT 2 First Strand Kit (SuperArray Bioscience Corporation). Quantitative real-time PCR was performed using an ABI Prism 7900HT Fast Detection System (Applied Biosystems). Each 10 l reaction was performed in 384-well format of Mouse Inflammatory Cytokines and Receptors RT 2 Profiler PCR Array (SuperArray Bioscience Corporation; catalog #PAMM-011). The PCR mix was denatured at 95°C for 10 min before the first PCR cycle. The thermal cycle profile was denaturation for 15 s at 95°C and annealing for 60 s at 60°C. A total of 40 PCR cycles were performed. The resulting threshold cycle values for all wells were analyzed using the Data Analysis Template Excel file provided by SuperArray Bioscience Corporation.
Real-time quantitative PCR. Real-time quantitative PCR (QPCR) was performed as described below. Total RNA was isolated from cultured cells or mouse tissues using RNA Stat-60 (Tel-Test), treated with DNase I (Invitrogen), and reverse transcribed using Superscript II RNase H-reverse transcriptase (Invitrogen). RNA concentration was determined by absorbance at 260 nm. Quantitative real-time PCR was performed using an ABI Prism 7900HT Fast Detection System (Applied Biosystems). Each 10 l reaction was performed in 384-well format with 25 ng of cDNA, 5 l of SYBR green PCR Master Mix (Applied Biosystems), and a concentration of 150 nM of each PCR primer. All reactions were performed in triplicate. The mRNA expression levels were normalized to those of the mouse house-keeping gene cyclophilin B. Oligonucleotide primers were obtained from Integrated DNA Technologies. The following mouse primers were used for gene amplification: TNF, inducible nitric oxide synthase (iNOS), IL-1␤, cyclooxygenase 1 (Cox-1), RGS10, Fas, and Cox-2. Primer sequences are available on request.
Electrophoresis and immunoblots. Cells were lysed with 1% NP-40, 10 mM Tris, pH 7.4, 150 mM NaCl, 100 g/ml PMSF, and protease inhibitor mix (Sigma) for 30 min on ice. The lysates were electrophoretically separated on a 4 -10% SDS-PAGE gel (Invitrogen). Membranes were probed with RGS10 mAb (C-20) and anti-␣-tubulin (Santa Cruz Biotechnology) followed by the appropriate secondary antibody linked to horseradish peroxidase (HRP). Immunoreactive bands were visualized with a chemiluminescent HRP substrate (ChemiGlow; Pierce Biotechnology) according to the manufacturer's instructions.
Mouse inflammatory cytokine multiplexed assay. Murine microglial BV2 cells were cultured in the presence of various concentrations of LPS for 24 h. CM from BV2 cells was used to measure the production of cytokines including murine interferon-␥, IL-1␤, IL-6, IL-10, IL-12, KC, and TNF using a multiplex assay per the manufacturer's instructions (Meso Scale Discovery).
Oligonucleotide arrays. Murine BV2 microglia transfected with scrambled control siRNA or with siRNA specific for RGS10 were cultured in the presence or absence of LPS (10 ng/ml) for 6 h. Total cellular RNA was isolated using the RNA STAT-60 reagent (Tel-Test). The mouse Th1-Th2-Th3 cytokine array was obtained from SuperArray Bioscience Corporation and was performed according to the manufacturer's instructions. Briefly, 2 g of total RNA was used for generating the biotin-16-UTP (Roche)-labeled cRNA. Biotinylated cRNAs were used as probes, and hybridization was performed as per the manufacturer's instructions. The arrays were exposed to an Alpha Innotech FluorChem Image system for image correction and analyzed using GEArray Expression Analysis Suite (SuperArray Bioscience Corporation). The level of expression for each gene was determined from the average density, where the mean was normalized to a value of 100 and the minimum positive value was 10. To perform background correction, the lowest average density spot on the array was found and set as the minimum value. Normalization was per- 
RGS10 regulates expression of interleukins and other inflammatory mediators
Quantitative PCR array analysis of specific interleukins and other inflammatory mediators in resting or LPS-stimulated primary microglia from WT and RGS10 Ϫ/Ϫ mice were performed as described in Materials and Methods. Fold-up regulation is denoted in red, and fold-down regulation is denoted in green.
formed using glyceraldehyde-3-phosphate dehydrogenase with comparable results. Comparison of the two arrays was performed using a fold ratiometric analysis (x/y).
Statistical analysis. Statistical analysis was done using two-tailed Student's t test; a p value of 0.05 or less was considered significant.
Results
RGS10 deficiency contributes to increased microglial burden in the CNS
Based on the observation that microglia display high levels of RGS10 as measured by in situ hybridization (Waugh et al., 2005) , we hypothesized that loss of RGS10 may result in dysregulation of microglia number and/or microglia activation in the CNS. To test this hypothesis, we isolated microglial populations at P6 from brains of RGS10-deficient mice or wild-type littermate mice and performed quantitative flow cytometry with a pan-microglial marker (CD11b) and an activation marker (F4/80). Our results indicated both an increase in the CD11b-positive population and an increase in the F4/80-positive population (Fig. 1 A) . To extend these findings and to investigate the extent of regional differences in microglial burden, we performed immunofluorescence labeling of microglia in brain sections of RGS10-deficient mice and WT littermates with pan-microglial and activation-specific microglial markers. Remarkably, anti-CD68 labeling revealed a marked increase in the microglial burden in the CNS of RGS10-deficient mice, in areas including forebrain regions, such as the neocortex and hippocampus, as well as the ventral midbrain (Fig. 1 B) . Together, immunohistological and flow-cytometric analyses indicate increased microglial density and activation status in RGS10-deficient mouse brains, implicating RGS10 as an important regulator of microglia proliferation and/or activation responses. To investigate this possibility directly, we isolated microglia from brains of RGS10-deficient and wild-type mice and performed quantitative PCR array analysis of inflammation-related gene expression in vitro under resting or LPS-stimulated conditions. Our results revealed dysregulation of a number of genes in RGS10-deficient microglia under basal conditions (including several chemokines, interleukins, and interleukin receptors) as well as dysregulated gene expression in response to an LPS challenge compared with microglia from wild-type littermates (Tables 1,  2) . Therefore, results from these multiple approaches led us to conclude that RGS10 is an important regulator of microglial phenotype and may have important regulatory roles in neuroinflammatory processes.
RGS10 deficiency increased vulnerability of the nigrostriatal pathway to inflammation-induced degeneration
The midbrain has one of the highest microglia densities in the CNS (Lawson et al., 1990) , and midbrain DA neurons are extremely sensitive to inflammation-induced death (De Pablos et al., 2005; Tansey et al., 2007) . Hence, we reasoned that if RGS10 is a key regulator of microglial activation, loss of RGS10 may result in dysregulated microglia and possibly nigrostriatal pathway degeneration. To test this idea, we exposed young adult (3-5 months old) mice to a chronic systemic LPS inflammogen regimen (7.5 ϫ 10 5 E.U./kg, i.p., twice weekly) previously reported to trigger neuroinflammation and increased microglial burden in the CNS (Kitazawa et al., 2005) . Immunofluorescence analysis confirmed that systemic LPS exposure triggered a neuroinflammatory response independent of genotype, but microglia in RGS10-deficient brains were activated to a greater extent than microglia in brains from WT littermates as measured by the activation-specific marker F4/80 (data not shown). More impor- tantly, when we compared midbrain sections stained with an antibody against TH, the SNpc of RGS10-deficient mice exposed to chronic systemic inflammation displayed reduced TH immunoreactivity compared with that of WT littermate mice exposed to the same regimen (Fig.  2 B) , suggesting increased vulnerability of the nigrostriatal pathway to inflammation-induced death in the absence of RGS10. Stereological quantification of TH-positive neurons in the SNpc of WT mice subjected to 6 weeks of systemic (i.p.) LPS injections exhibited only a marginal, not statistically significant loss of DA neurons in the SNpc (Fig.  2 A) as expected based on their genetic background and the low dose and duration of LPS administered systemically (our unpublished observation). In contrast, RGS10-deficient mice exposed to chronic peripheral LPS displayed significant loss (43%) of nigral DA neurons compared with saline-injected RGS10-deficient mice, and a 47% decrease compared with saline-injected WT mice ( p Ͻ 0.05) (Fig. 2 A) . The loss of DA neurons was restricted to the dorsallateral tier of the SNpc, a pattern reminiscent to that induced by MPTP, whereas the ventral tegmental area was relatively spared. Moreover, the RGS10-deficient DA neurons that survived the LPS regimen displayed signs of atrophy and degeneration compared with DA neurons in LPS-treated wild-type mice or saline-treated RGS10-deficient mice (Fig.  2 B, insets) . These findings suggest a protective role for RGS10 against inflammation-mediated cell death in the SNpc, raising the possibility that the loss of RGS10 in the CNS resulted in overproduction of microglialderived neurotoxic mediators and contributed to the selective loss of DA neurons in the ventral midbrain.
RGS10 is expressed in microglia and dopaminergic neurons in the ventral midbrain
To probe the molecular mechanism by which RGS10 deletion renders nigral DA neurons susceptible to chronic inflammatory stimuli, we investigated the pattern of RGS10 expression in the ventral midbrain of WT mice. Expression of RGS10 protein in the rodent brain has been reported previously in neurons and microglia but not in astrocytes (Waugh et al., 2005) . To confirm the expression of RGS10 in microglia and DA neurons, we performed dual-labeling immunofluorescence microscopy. RGS10 immunoreactivity in the cell body and nucleus of microglia was easily detected in CD68-positive microglial cells in midbrain regions of wild-type mice (Fig. 3A) but not in RGS10 Ϫ/Ϫ mice in which RGS10 protein is undetectable (Fig. 3B) , confirming the specificity of the RGS10 antibody. In addition, RGS10 immunoreactivity in TH-positive DA neurons of the ventral midbrain was detectable in wild-type mice (Fig. 3A) albeit at a lower intensity relative to that detected in microglia; as expected, RGS10
Ϫ/Ϫ mice expressed no detectable RGS10 protein in DA neurons (Fig. 3B) . The implication of these findings is that the neurodegenerative phenotype of RGS10-deficient mice could have resulted from loss of RGS10 function in either or both cell types.
Inflammatory stimuli regulate RGS10 localization and protein levels in microglia
Given the RGS10 enrichment in microglia, we performed in vitro studies with primary microglial cells to investigate whether expression and localization of RGS10 were modulated by inflammatory stimuli. In resting primary microglia, RGS10 was expressed throughout cytoplasmic and nuclear compartments. After stimulation with low-dose LPS (10 ng/ml), microglia (CD68-positive cells) became activated and adopted an ameboid shape (Fig. 4 A) . The activation phenotype coincided with rapid and robust nuclear enrichment of RGS10 discernible by 24 h after stimulation (Fig. 4 A, insets) . In the continued presence of LPS, overall levels of RGS10 decreased by as much as 50% relative to ␣-tubulin as measured by quantitative immunoblot analysis (Fig.  4 B) . We confirmed and extended these observations in the murine BV2 microglial cell line. Interestingly, we found that chronic activation of BV2 microglia with low-dose (10 ng/ml) LPS (Fig.  5A ), but not with high-dose (1 g/ml) LPS (Fig. 5B) , induced rapid downregulation of RGS10 protein levels in BV2 microglial cells. In agreement with results obtained in primary microglia, immunofluorescence labeling of BV2 microglia with anti-RGS10 antibody and nuclear bis-benzimide (Hoechst 33258) counterstain revealed that RGS10 was localized to both nuclear and cytoplasmic compartments in resting BV2 microglia (Fig. 5C ). Next, we investigated whether the time-dependent LPS-induced downregulation of RGS10 protein levels could be mimicked by another classical immune activator and known LPS effector, TNF. Stimulation of BV2 microglia with TNF (10 ng/ml) also resulted in decreased levels of RGS10 protein relative to ␣-tubulin as measured by immunoblotting analysis (Fig. 5D ). These findings suggest that RGS10 protein turnover in microglia is regulated by at least two key neuroimmune modulators and may be differentially regulated by stimuli of different duration and strengths.
Loss of RGS10 protein in BV2 microglia results in dysregulation of proinflammatory gene expression
It has been proposed that the functional outcome of microglial activation on neuronal survival in the brain may depend on the nature of the initiating stimulus. Specifically, acute inflammatory stimuli (mimicked by high-dose LPS in vitro) may elicit a protective microglial phenotype to limit tissue damage, whereas a chronic inflammatory stimulus (mimicked by low-dose LPS in vitro) may promote a neurotoxic microglial phenotype associated with overproduction of proapoptotic inflammatory mediators that activate lipid peroxidation, oxidative stress, and cellular dysfunction (Wyss-Coray, 2006) . We hypothesized that RGS10 functions to regulate microglia activation or phenotype switching; therefore, loss of RGS10 should result in dysregulated inflammationrelated gene expression. To test this hypothesis, we first performed oligonucleotide arrays to investigate the inflammation-related gene expression profile of BV2 microglial cells under resting versus LPS-stimulated conditions after transfection with siRNA specific for RGS10 or a scrambled siRNA control. In agreement with our results of gene expression analyses in isolated microglia from RGS10-deficient mice, we found that siRNA-mediated specific knockdown of RGS10 resulted in dysregulated expression of several chemokine, interleukins, and SOCS genes under resting conditions relative to control scrambled knockdown as well as dysregulated expression of these or other inflammation-related genes after LPS treatment (supplemental Table 1 , available at www.jneurosci.org as supplemental material). To validate and extend these findings, we next established the time course of expression of several LPSinduced inflammation-related genes by QPCR in BV2 microglia to determine an optimal time window during which to survey for dysregulated expression after RGS10 knockdown. On the basis of these results (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material), we reasoned that loss of RGS10 may result in persistent rather than transient expression of cytokines such as TNF or IL-1␤ and/or premature expression of enzymes with characteristic delayed expression such as Cox-1 and iNOS. Therefore, we performed siRNAmediated knockdown of RGS10 in BV2 microglia (Fig. 6 A) and investigated its effect on mRNA expression of candidate inflammation-related genes 24 h after LPS stimulation and 48 h after control or RGS10-specific knockdown (Fig. 6 B) . Transfection of siRNA against RGS10 into BV2 microglial cells resulted in rapid reduction (ϳ50%) of RGS10 mRNA (Fig. 6C) . Immunoblot analysis revealed that overall RGS10 protein levels were drastically reduced by 24 h, followed by a gradual recovery of the protein to resting levels by 96 h (Fig. 6 A) , suggesting a rapid turnover of RGS10 in microglial cells. Immunocytochemical analysis of RGS10 protein in BV2 microglia confirmed the high efficiency of the knockdown by the siRNA directed against RGS10; a scrambled siRNA (control A) demonstrated the specificity of the knockdown (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Real-time quantitative PCR analyses indicated that specific knockdown of RGS10 in microglia resulted in altered regulation of basal and/or LPSstimulated mRNA levels of key inflammation-related genes, including statistically significant increases in LPS-induced expression of TNF, IL-1␤, and Fas; a trend for increased LPS-induced expression of iNOS and Cox-1 that did not reach statistical sig- nificance; and no change in Cox-2 mRNA (Fig. 6 D) . Together, our findings suggest that one important function of RGS10 in activated microglia may be to regulate the synthesis of a subset of microglial genes that encode soluble mediators with toxic activities toward DA neurons. Given the dynamic pattern of gene expression after LPS stimulation, a more detailed timecourse analysis after RGS10 knockdown should reveal additional information to critically test a role for RGS10 in regulation of gene transcription during microglial activation responses. In light of the fact that a number of studies have demonstrated that activated glial cells participate in the degeneration of DA neurons (Akiyama and McGeer, 1989; Herrera et al., 2000; He et al., 2001; Castaño et al., 2002; Depino et al., 2003) , our results suggest that RGS10 may represent a novel target for drug development aimed at modulating microglial phenotype and protecting vulnerable neuronal populations from inflammation-induced cell death.
RGS10 protects DA cells by limiting microglial production of inflammatory cytokines
We reasoned that if RGS10 is a regulator of microglial phenotype, and therefore a critical determinant of the functional outcome of microglial activation on DA neuron survival, acute knockdown of RGS10 in microglia may impact the viability of DA neurons in a target-effector cell assay. We used BV2 microglia as effector cells and the dopaminergic cell line (MN9D) as a target cell to investigate the effect of acute RGS10 knockdown in each cell type on dopaminergic cell viability (Fig. 7A) . BV2 microglia and MN9D cells were chosen for these experiments because they can be transfected with high efficiency. More importantly, MN9D cells express TH (supplemental Fig. S3 , available at www. jneurosci.org as supplemental material) and can be induced to exit the cell cycle and undergo terminal differentiation by exposure to valproic acid, making them a suitable DA neuron-like cell model. Functional assays indicated that CM from LPS-treated BV2 microglia induced robust death of MN9D cells in a dose-dependent manner with kinetics similar to that displayed by primary DA neurons from ventral midbrain (data not shown). MN9D toxicity induced by CM of BV2 cells stimulated with low LPS (10 ng/ml) was markedly enhanced by knockdown of RGS10 in BV2 microglia (Fig. 7B) , suggesting that one function of RGS10 in microglia is to limit production of soluble neurotoxic mediators.
Although we found that wild-type microglia express higher levels of RGS10 relative to midbrain DA neurons, the increased vulnerability of nigral DA neurons in RGS10-deficient mice to inflammation-induced degeneration compelled us to rule out a regulatory role for RGS10 in dopaminergic cells during chronic inflammatory stress. To investigate whether removal of RGS10 influences dopaminergic survival, we performed siRNAmediated knockdown of RGS10 in MN9D cells and then assayed their sensitivity to CM from BV2 microglial cells stimulated with saline or LPS. Surprisingly, knockdown of RGS10 in MN9D dopaminergic cells rendered them more susceptible to the deathinducing effects of LPS-treated BV2 microglia CM (Fig. 7C) .
The enhanced toxicity of the CM from RGS10-deficient BV2 microglia on dopaminergic cells suggested that acute loss of RGS10 may have resulted in enhanced production of soluble microglial-derived neurotoxic mediators and/or reduced production of microglial-derived protective factors in the CM. Although the exact molecular mechanism(s) by which loss of RGS10 in microglial cells compromised dopaminergic cell survival remained unclear, QPCR results in microglia (Fig. 6 D) im- plicated cytokines such as TNF and IL-1␤ as the most likely candidates for mediating enhanced dopaminergic cytotoxicity. To test this possibility, we investigated whether acute knockdown of RGS10 in BV2 microglia resulted in enhanced production of inflammatory mediators.
Multiplexed immunoassays revealed that CM of LPS-treated BV2 cells contained significant amounts of soluble TNF in a physiologically relevant concentration range and modestly increased levels (but not statistically significantly) of several other cytokines including IL-1␤, IL-6, IL-10, IL-12, and the chemokine CXCL1 also known as KC or GRO-1 (Fig. 8) . The siRNAmediated knockdown of RGS10 in BV2 microglia enhanced production of neurotoxic mediators and, in particular, TNF. Given that previous studies revealed soluble TNF to be a critical mediator of 6-hydroxydopamine-induced nigral DA neuron death in vivo and in vitro (McCoy et al., 2006) , we investigated the extent to which this inflammatory cytokine could account for the RGS10-dependent enhanced cytotoxicity of the CM of LPStreated BV2 microglia on MN9D dopaminergic cells. Using the soluble decoy TNF receptor drug etanercept (200 ng/ml) to deplete soluble TNF from the CM of LPSstimulated BV2 microglia, we found that blocking TNF action abolished the cytotoxic effect of CM collected after an LPS stimulus from both control and RGS10-depleted BV2 microglia (Fig. 7D) . Consistent with a robust rescue by addition of the TNF inhibitor, parallel experiments demonstrated that other inflammatory mediators (i.e., IL-6 and IL-1␤) played a minor role in LPS-induced toxicity in MN9D cells (data not shown).
In summary, in vivo studies indicated that RGS10 deficiency resulted in increased microglial burden in the CNS and degeneration of nigral DA neurons in animals exposed to chronic systemic inflammation. Mechanistically, in vitro studies indicated that the loss of RGS10 resulted in an inflammatory-neurodegenerative process that begins with upregulation of inflammation-related genes, followed by overproduction of microglial-derived inflammatory mediators with known cytotoxic effects on DA neurons, and enhanced sensitivity of DA neurons to microglialderived inflammatory mediators. On the basis of these findings, we conclude that RGS10 is a key regulator of microglia stress responses in the CNS and thus a critical determinant of the functional outcome of neuroinflammatory events on DA neurons in the ventral midbrain. Targeting RGS10 activity may represent a novel therapeutic approach to prevent onset and/or progression of PD in humans.
Discussion
RGS10 is expressed in microglia throughout the brain and in neurons involved in higher brain circuits located in hippocampus, striatum, and dorsal raphe, yet its function in the brain remains poorly defined. Together, our findings that RGS10-deficient mice display increased microglial burden and enhanced vulnerability to inflammation-induced nigrostriatal pathway degeneration demonstrate a novel regulatory role for RGS10 in determining the functional outcome of inflammation. Mechanistically, these findings suggest a protective role for RGS10 against inflammation-induced degeneration in the ventral midbrain. The differential regulation of RGS10 protein levels in response to low-versus high-dose LPS concentrations in vitro raises the interesting possibility that the strength and duration of TLR4 (tolllike receptor-4) activation triggers negative feedback loops that regulate RGS10 stability or turnover.
RGS10 ablation in microglia resulted in overproduction of soluble TNF, which is toxic to ventral midbrain DA neurons; and removal of RGS10 from dopaminergic cells heightened their sensitivity to inflammation-induced death. Therefore, the increased vulnerability of the nigrostriatal pathway of RGS10-null mice to the neurotoxic effects of chronic neuroinflammation is likely a result of synergistic loss of RGS10 function in both ventral DA neurons and microglia. Ongoing experiments in primary ventral Figure 6 . Silencing RGS10 protein in BV2 microglia dysregulates inflammatory gene expression. A, Western blot analysis of RGS10 protein expression (normalized to ␣-tubulin) in BV2 microglia after silencing using siRNA interference. B, Schematic of experimental design to probe the effects of RGS10 knockdown on inflammation-induced gene expression and inflammatory factor production. C, Real-time quantitative PCR analysis of RGS10 mRNA in BV2 cells transfected with scrambled (control) siRNA (siCon) or RGS10 siRNA (siRGS10). D, Real-time quantitative PCR analysis of inflammatory-related genes in BV2 microglia 48 h after control or RGS10 knockdown in cells stimulated with vehicle or LPS for 24 h. Levels of each mRNA were normalized to those of the mouse house-keeping gene cyclophilin B. Values shown are group means Ϯ SEM of three independent treatment conditions in one experiment representative of three independent experiments. *Significant difference between the vehicle and LPS at p Ͻ 0.05; # significant difference between control knockdown and RGS10 knockdown condition at p Ͻ 0.05. Veh, Vehicle.
demonstrate that manipulation of RGS10 levels and/or its activity in the ventral midbrain has positive effects on DA neuron survival without exerting untoward effects on other cell types may reveal its potential as a therapeutic target for blocking or delaying the progressive loss of nigrostriatal DA neurons in PD. Figure 8 . RGS10 limits production of microglial TNF and other inflammatory mediators. CM of LPS-treated (24 h) control siRNA-transfected BV2 microglia versus RGS10 siRNA-transfected BV2 microglia analyzed with a mouse proinflammatory cytokine multiplex panel (Meso Scale Discovery) showed the specificity of TNF increases after siRNA-mediated knockdown of RGS10. Values shown are group means Ϯ SEM of three independent treatment conditions run in duplicate in one experiment representative of three independent experiments. *Significant difference between vehicle and LPS-treated condition at p Ͻ 0.05; # significant difference between control knockdown and RGS10 knockdown at p Ͻ 0.05. siControl, Control siRNA; siRGS10, RGS10 siRNA; Veh, vehicle.
